Abstract-Prior to the successful launch of the Lunar Reconnaissance Orbiter (LRO) on June 18, 2009, the Attitude Control System (ACS) team completed numerous Integration and Testing (I&T) tests on each hardware component in ever more flight like environments. 12 The ACS utilizes a select group of attitude sensors and actuators. This paper will chronicle the evolutionary steps taken to verify each component was constantly ready for flight as well as providing invaluable trending experience with the actual hardware. The paper will include a discussion of each ACS hardware component, lessons learned of the various stages of I&T, a discussion of the challenges that are unique to the LRO project, as well as a discussion of work for future missions to consider as part of their I&T plan.
LRO ACS sensors and actuators were carefully installed, tested, and maintained over the 18 month I&T and prelaunch timeline. The use of new Coarse Sun Sensors (CSS) stimulators provided the means of testing each CSS sensor independently, in ambient and vacuum conditions as well as over a wide range of temperatures. Optical ground support equipment was designed and used often to check the performance of the star trackers throughout I&T in ambient and thermal/vacuum conditions. This paper will review how each time the spacecraft was at a new location and orientation, the gyro was checked for data output validity. A review of reaction wheel testing is discussed. The paper also includes further discussion on the testing of the Propulsion Deployment Electronics (PDE). The PDE controls the use of Non Explosive Actuators (NEA) as well as NASA Standard Initiators (NSI) to open thruster isolation valves, deployment of Solar Array (SA), and High Gain Antenna (HGA). These series of tasks were successfully concluded with the ACS Phasing verification tests.
Environment testing of the LRO spacecraft provided the ACS team valuable performance data, long-term trending data, and operational proficiency training with the LRO ground system. The paper describes the testing from the ACS point of view of the nominal spacecraft environmental tests. The vibration, electromagnetic interference (EMI), acoustic, shock, and thermal/vacuum testing allowed the 1 U.S. Government work not protected by U.S. copyright. 2 IEEEAC paper#1195, Version 1, Updated 2011:01:11 ACS team to understand how the hardware would behave under various conditions and how their interaction with the software could be more fully understood. The environment testing also gave the ACS team time to improve the skills of using the ground system telemetry pages, hone our trouble shooting skills, and sharpen off-line analysis tools needed to provide immediate and accurate spacecraft operations during all mission phases. The paper also discusses early mission rehearsals performed during I&T. The experience taught the ACS team how to work problems together, create better off-line analysis tools, understand the key time critical events, and improve operational proficiency.
Lessons learned about the overall testing philosophy and implementation are discussed in the paper. The LRO mission was given a generous amount of resources but very limited time to successfully execute the project objectives. Therefore what testing and when the tests were run (and rerun) became a contentious topic.
INTRODUCTION
The Lunar Reconnaissance Orbiter (LRO) launched from Launch Complex 41 at the Kennedy Space Center on June 18, 2009. Within about five days, it was placed in a nearly polar, circular orbit around the Moon. The LRO has completed its primary mission and is now in its extended mission phase. The LRO data is intended to provide the mapping information necessary for human exploration, characterizing landing site hazards, identifying resources (including water ice and a continuous view of the sun for power generation), and better understanding the radiation environment around the moon. The LRO ACS primary mission is to provide pointing knowledge to within 30 arcseconds (per axis, 3σ) and control to within 45 arcseconds (per axis, 3σ) of the desired target. Error! Reference source not found. illustrates how the ACS operates four very distinct operating modes: Observing, Sun-Safe, Delta-V, and Delta-H. Observing mode was designed to provide three-axis control and keep the +Z body axis of the spacecraft (instrument pointing direction) pointed at the lunar surface. This mode was comprised of two star trackers, one three-axis inertial reference unit, and four reaction wheels. Sun-Safe mode provides the means of pointing the spacecraft in a safe attitude in the event of an emergency to keep it both power positive and thermally safe. The Sun-Safe Mode utilizes ten Coarse Sun Sensors, four reaction wheels, and one threeaxis inertial reference unit. The Sun-Safe mode also has a gyro-less sun pointing sub mode. Delta-H mode utilizes the thrusters to maintain a specified attitude while the reaction wheels are spun to a specific wheel speed (thus resetting the spacecraft momentum vector to the desired value). Delta-V mode also uses the thrusters for trajectory adjustments such as the Lunar Orbit Insertion burns and monthly station keeping events.
Figure 2:
The LRO flight software modes.
The LRO process for I&T was to continually test each new piece of hardware with software in each of the unique space environments (see Error! Reference source not found.). These environments included electromagnetic interference (EMI), acoustic vibration, shock, mechanical vibration, and thermal vacuum testing. With the exception of the acoustic vibration test, each ACS component also had to complete its own component level environment hardware tests.
The use of a software and hardware integration test bed, known as FlatSat, was very important to the development and support of LRO during development and mission operations. A 6-degree of freedom simulation of the LRO design, known as the GSFC Dynamic Simulator, was built and connected to the FlatSat to allow closed loop testing of the Flight Software. Varying levels of fidelity allowed the entire LRO operations team to train for nominal operations as well as the contingency events prior to launch. Today, the Flatsat is still used to understand if any software changes could have adverse effects. 
ACS HARDWARE TESTING
The following sections describe each ACS component and how each component underwent testing. The paper further covers how the ACS was then tested at the spacecraft level for final spacecraft verification testing.
Coarse Sun Sensors -Adcole CSS provide a simple measure of the amount of light received into its photocell (see Figure 4 ). The CSS converts the incoming photons flux into a measure of the angle between the CSS bore sight and the sunline. Their design allows the LRO to locate the Sun when it is in view of any surface of the LRO spacecraft. The ten CSSs are placed on LRO in locations and directions that provide nearly spherical coverage. The simplicity of the CSS design and the lack of needed power are the reason it is the primary sensor for the Sun-Safe control mode. Without the high reliability of these devices, the integrity of the backup emergency attitude control could be in question. This new technique improved the confidence in not only the individual sensor during component level testing but also in spacecraft level thermal vacuum testing. The CSS output was able to be read by the CSS amplifier electronics, ingested into the flight software, and then displayed on the ground system software. The CSS stimulators act as a basic light source (see Figure  5 ). The 
MIMU -The Honeywell Miniature Inertial Measurement
Unit (MIMU) is a three axis, ring laser gyro (see Figure  6 ). The LRO MIMU provides attitude rate information up to 18 degrees per second (deg/sec) and attitude rate polarity from 18 degs/sec up to 60 revolutions per minute (rpm). While available, the LRO MIMU did not possess accelerometers. Performance testing of the unit was completed at the Honeywell facility in Clearwater, Florida. This testing included exercising the unit in a thermal chamber mounted on a three-axis rate table to verify performance across a wide temperature range over many hours of operation.
An Engineering Test Unit (ETU) version of the MIMU was installed in the LRO FlatSat for basic data interface testing. This early interface test proved the flight software could communicate with the MIMU interface over the 1553 data bus.
Testing of the MIMU after installation on the LRO spacecraft consisted of predicting and measuring the Earth rate as observed by the MIMU. By first obtaining the latitude and then the orientation of the MIMU (the sensor reference frame), the output of the MIMU was transformed from the sensor reference frame to the Earth Centered, Earth Fixed reference frame. The magnitude of the MIMU output equaled 15 deg/hr of rate (Earth rate). This capability was our only method of proving the MIMU was still functional through the many months of I&T. Once on the pad, this functional test gave us the confidence that our primary rate sensor was ready for the mission. [3] Reaction Wheels -LRO reaction wheels are specifically designed to provide very quiet, smooth changes in pointing of the spacecraft (see Figure 7) . Once in Observing mode, the reaction wheels keep the boresight of the instruments pointing continuously at the surface of the Moon. The four reaction wheels are 18-inch diameter wheels with a 0.16 Nm torque requirement per wheel and a wheel momentum of 80 Nms at 24 volts. Today, at two week intervals, the LRO performs a Delta-H thruster maneuver in order to spin the wheels from their high wheel speed down to a different wheel speed (very positive to very negative). This momentum unloading maneuver allows the spacecraft to target a momentum level and direction for two weeks before the next Delta-H is required to continue Observing mode operations.
Once installed on LRO, correct operation of the reaction wheels was verified through video recording of the spin direction through the spy hole directly above the spin shaft of the wheel. The reaction wheels were commanded from the ground system through the spacecraft umbilical and commanded via the spacecraft flight software. This was an extremely important test. The location of the reaction wheels, installed deep in the center of the spacecraft structure, would make a reaction wheel repair extremely difficult. This location makes any future reaction wheel repair or replacement very undesired. Once the spin directions were visually recorded, future functional tests could use the ground system displays to verify the functional performance of the reaction wheels.
During each of the CPT, the reaction wheels were spun to a speed of 2500 rpm and then allowed to spin down to zero. Since the CPT was repeated several times over the many months of I&T, this spin down testing demonstrated that the mechanical function of the wheels were in good condition.
Figure 7:
The four LRO reaction wheels after being installed onto the spacecraft structure.
Star Trackers -LRO has two Autonomous Star Trackers (A-STR) built by SELEX Galileo. These star trackers provide a spacecraft attitude quaternion in the J2000 Earth Centered Inertial (ECI) reference frame. These star trackers were tested thoroughly at the SELEX Galileo facility.
Prior to delivery of the star trackers to the LRO clean room for installation, a test of the flatness of the mounts that house the star tracker was completed. This flatness check was completed to guarantee the accuracy of the star tracker is repeatable from the testing at the SELEX Galileo facility to the final operation on the spacecraft. A calibrated measuring device, known as a FARO Platinum Arm, mounted near the base of the star tracker was used to measure the relative flatness to within 0.01 mm.
In addition to mechanical verification testing, an emulation of the star tracker data interface was tested within the FlatSat facility. This data interface testing allowed the Flight Software to be tested for credit prior to the hardware installation. Testing of a large portion of the Star Tracker Data Interface Control Document (ICD) was accomplished within this test environment. Once the star tracker was installed on the LRO Instrument Module, functional testing could be completed over a wide range of temperatures and in a vacuum by using the Optical Ground Support Equipment (OGSE). The OGSE provides four Light Emitting Diodes (LED) at exact locations within the light shade housing to generate a star pattern, which creates a spacecraft attitude quaternion output from the star tracker. A test-only version of a star catalog was uploaded into the Star Tracker memory in order for the special star pattern to be interpreted as a viable star combination. Up to four different star patterns are available. Each of the star tracker's field of view quadrants can be exercised. The star trackers were operated in this manner at each of the CPTs, pre and post ship tests, and during the four hot and four cold temperatures soaks in spacecraft level thermal vacuum tests.
Figure 9:
The PDE component controlled the operation of thrusters, latch valves, NEAs, NSIs, and prevented the unintentional operation of LRO components while attached to the Atlas V Launch Vehicle.
Propulsion Deployment Electronics -The Propulsion Deployment Electronics (PDE) has a number of responsibilities (see Figure 9 ). This component was designed and built with the Goddard Space Flight Center's Components and Hardware Systems Branch. It operates the desired thrusters during the Delta H and Delta V modes. This component successfully fired the NASA Standard Initiators (NSI) to allow the propulsion system to fully function. It opened the pyrotechnic valves, which allowed propulsion tank to be pressurized. It also operates the thruster valves during the thruster firing. During the deployment of the Solar Array (SA) and the High Gain Antenna (HGA), the PDE successfully opened the Non Explosive Actuators (NEA). The PDE also successfully measured and provided feedback on the state of separation with the upper stage of the Atlas V launch vehicle. Finally, the PDE also included relays to power the Lunar Reconnaissance Orbiter Camera (LROC) contamination heaters as well as inhibit the Mini-RF instrument, Ka-band, and S-band transmitters.
The PDE is comprised of 4 PDE modules and an Inhibit Unit. The first four modules are identical and independent. Each module has its own 1553 Remote Terminal address as well as its own secondary power converters. The four insertion thrusters and the eight attitude control thrusters, in the propulsion system, are distributed across the four PDE modules to increase mission success. Additionally, the NEA and NSI electrical signals are equally distributed among the four PDE modules.
This distribution of electrical signals and switches allows any one PDE module to fail while still being able to complete the Lunar Orbit Insertion maneuver and future station keeping burns.
Once a PDE Engineering Test Unit (ETU) was qualified, the PDE ETU was tested on the LRO FlatSat. This early testing allowed the flight software to be exercised using some flight-like hardware. For example, the PDE ETU was used over and over to simulate thruster firings in operational training exercises and contingency procedure checkouts.
A special test rack was designed to simulate the load from a thruster valve, latch valve, NSI firing, and NEA firing. This special test rack was used repeatedly throughout all the environmental tests (thermal vacuum, EMI, pre and post vibration testing). Snapshots of the voltage and current during the thruster valve, latch valve, NSI, and NEA firings also verified the electronics were responding in a nominal manner. This actuation of the switch against a simulated load provided the confidence needed to proceed with spacecraft level integrated testing of the entire propulsion system and the deployments of the SA and HGA.
ACS TESTING
LRO Stowed Launch Configuration -LRO had a portion of its hardware operating during the ascent phase of the mission (see Figure 11) . In a large anechoic chamber (with isolation from outside electrical signals), LRO was first tested for RF selfcompatibility. This test verified the Ka-Band, S-Band, Mini-RF, and science instrument operations would not create interference for any other components within the LRO spacecraft. Next, during the radiated emissions testing, the spacecraft was operated in a launch configuration. The goal was to ensure LRO would not trigger premature explosive bolt firings or interfere with launch pad operations such as commanding the Command Destruct Receiver.
Spacecraft Electromagnetic Interference (EMI) Testing
Next, LRO was tested for radiated susceptibility. This test subjected LRO to radio frequencies while in its launch configuration and nominal operating configuration.Error! Reference source not found.
The ACS task during EMI was to operate as in the launch configuration and monitor the ACS hardware for any anomalous signatures.
This was a repeat of previous component level EMI testing but the combination of all LRO components made this test vital. Figure 12) . The table provides very precise oscillatory input in one direction at a time. Before, during, and after the vibration event, the ACS hardware was monitored for any unexpected behavior. The amplitudes of the oscillations for this spacecraft testing are lower than the amplitudes provided for an individual component vibration test.
Figure 12: LRO is prepared for its flight vibration test.
An interesting observation of this spacecraft vibration testing was the detection of vibration caused by engineers simply walking around the base of the vibe table. This became a useful lesson. During the ascent phase of the mission, the MIMU was informally used to verify the separation of the spacecraft from the launch vehicle. It also served to confirm that the HGA and SA deployment NEA firings were completed.
Spacecraft Acoustic Vibration Testing -Due to the large size of the SA on LRO, acoustic testing was required. The acoustic testing was completed at the NASA GSFC Acoustic Test Facility. The acoustic vibration from the Atlas V launch vehicle could produce a force that could detach certain appendages (such as SA or HGA attachment points).
As with other tests, the ACS Team monitored the performance of all ACS hardware before, during, and after the acoustic vibration test.
Spacecraft Separation Clamp Band Test
This demonstration also served as a shock test. The flight clamp band from United Launch Alliance was connected to LRO. The spacecraft was hoisted a few feet off the floor of the acoustic chamber. The floor was covered with soft foam to cushion the fall of the clamp band. Then upon command, the ULA engineers were able to fire the pyrotechnics releasing LRO from the clamp band (and the rest of the Atlas V upper stage).
The monitoring of the ACS hardware powered on at launch yielded no anomalous behavior. As stated earlier, there was a clear signature of the attitude rate measured by the MIMU at the time of the clamp band release. Figure 13 ). This testing was completed in the NASA GSFC Space Environment Simulator. The entire multi-week operation was broken into two large phases: Thermal Balance and Thermal Cycle.
Spacecraft Thermal/Vacuum Testing
While in Thermal Balance, the spacecraft was surrounded by a set of cyrogenic (LN 2 ) panels which were placed very close to the spacecraft. These panels simulate the cold temperature experienced on-orbit. Using the profile found in Figure 14 , the thermal subsystem was tuned while matching the thermal system performance with the thermal predictions for each temperature extreme. A simulated 169 minute lunar eclipse was performed in the middle of the nine day test. The Lunar Cruise phase of the mission was also simulated to measure the performance of the entire spacecraft in this very cold environment (verification of heater duty cycles, power draw, and set points). Roughly 80% through the Thermal Balance testing, a cold start was demonstrated starting from the cold survival temperature. Throughout the Thermal Balance Test, the propulsion system was exercised to measure the temperature transients and verify functionality at these cold temperatures.0
Figure 13: LRO was tested in the NASA GSFC Space Environment Simulator Thermal Vacuum Chamber just prior to shipping to Kennedy Space Center.
LRO then began its Thermal Cycling testing. Figure 15 describes the profile used to verify the workmanship and reliability of the spacecraft across the designed temperature range. Throughout the Thermal Cycling testing, various operational training and checkout exercises were completed. These activities included a spin down test of the reaction wheels, a functional test of the CSS's, the Star Trackers, the Ka transponder, and spacecraft System Stress Tests. The ACS team provided In the rehearsal, failures were intentionally injected into the GSFC Dynamic Simulator to allow the LRO team the opportunity to use the contingency procedures. The ability to spend many months working with and building up the displays for the ACS console was very valuable.
Mission Rehearsal 2 was a particularly difficult experience. This five day, fully staffed, continuous exercise simulated launch thru the time critical LOI-1 burn. Numerous failures were injected into the simulation. In the middle of the LOI-1 burn, an insertion thruster had mysteriously become stuck on. Within minutes, the LRO was going to impact the lunar surface. In an adhoc manner, the spacecraft engineering team recommended to abort the burn early in the hope of preventing a lunar impact. The big lesson from this exercise was that the team was not fully prepared to cover a new anomaly, discussions amongst the team were not over common voice loops, and a calm response to the anomaly was quickly dissipating. Since this rehearsal was in August of 2008, the team was able to refine the procedures, the communication techniques, and practice as a team to decide on a quick but thoughtful course of action.
Hardware Alignment Measurements -Exact placement of hardware on mechanical structure can be very challenging. However, in the case of LRO, knowledge of the relative alignment between portions of the spacecraft allowed the placement of the hardware to be less stringent. The relative alignment between the ACS hardware and the master reference cube was measured on the ground at various stages of I&T. This accomplished the goal of measuring any deflection of the spacecraft structure after vibration testing or shipment from NASA Goddard in Greenbelt, MD to AstroTech in Titusville, FL. Secondly, the alignment measurements allowed the transformations from the star tracker reference to the spacecraft master optical cube (hence body frame) to be known. Alignment measurements between the master reference cube and each of the science instruments, the propulsion structure, the MIMU gyro, and both star trackers were within the error budget and allowed the ACS pointing requirements to be met.
High Gain Antenna and Solar Array Pointing
Demonstration -With the installation of the Gimbal Control Electronics, the SA flight gimbal motors, and the High Gain Antenna ETU gimbal motors, an end to end demonstration of the flight software containing the pointing algorithm for the SA and HGA was completed. The ACS Team monitored the motion of the SA and HGA gimbal motors and verified the correct motion based on expected results. This function was extremely important to the success of LRO.
Propulsion End to End
Test -When the flight version of the PDE was installed on the spacecraft, several tests were executed to verify the end to end tests were completed. For example, one test was the Propulsion End To End test. This test started with an opening and closing of the latch valves. This was followed by a thruster single shot command from the LRO ground system through the umbilical connection and into the spacecraft flight software. Once the command was received, the correct thruster latch valve was opened and the cover on the end of the thruster was inflated with the inert gas from the propulsion tank. This test was repeated several times throughout the I&T phase. ACS Phasing Tests -A confirmation that the entire ACS, as implemented in the spacecraft, functioned as designed was a strict policy within the ACS and upper management. Therefore a Phasing Test was designed in order to check the overall sense that a positive rotation command about the Z body axis actually produced the desired outcome (at least in sign and not necessarily in magnitude).
Using the LRO ACS Hi-Fidelity simulation and a number of stimulators, the ACS hardware was stimulated and new attitude commands were generated based on that input. The ACS Hi-Fidelity simulator is a 6 Degree of Freedom containing a number of modeled hardware components as well as the attitude control laws used in the flight software modes. Using the CSS stimulators, each flight CSS was given a faint amount of light and the flight reaction wheels were used to indicate if the correct direction of attitude change was created by the flight software.
The LRO was rotated on the Aronson table (see Figure  16 ) while the flight MIMU gyro was operated. This additional rate input, beyond Earth rate, was a double check on the basic functionality of the MIMU gyro.
In the next test, the Star Tracker Optical GSE was used to create a star pattern. The output of the star tracker was then processed by the flight software and new reaction wheel torque commands were generated. Since the current attitude target is intentionally different from the current new attitude reported by the flight star trackers, the flight reaction wheels would be commanded to torque in a predicted manner. The Hi-Fidelity simulation was used to make the predictions of the flight reaction wheel commands. Table. The Aronson table allows the flight MIMU gyro to be checked with more than Earth rate as an input.
LESSONS LEARNED
Constant Communication -Given the pace of development of the LRO project, there was a considerable amount of effort placed on coordination and double checking between the different elements in the LRO design. The ACS team was constantly working with the Flight Software team to ensure their algorithms were implemented as planned. Numerous reviews of the data interface control document were held in order to ensure data commands and telemetry for the various hardware and software components were properly used. The ACS team collaborated closely with the Mechanical and Thermal subsystem teams to ensure the ACS hardware was placed on the spacecraft in a suitable location and in the proper orientation. Throughout the multi-year effort, the Systems team was managing these cross subsystem discussions so the nominal and contingency procedures were understood, verified, and practiced by all subsystems. During I&T, the ACS team was constantly involved with day to day spacecraft tasks and the ACS development schedule could easily change from hour to hour. This real time assessment of work activities was strenuous but necessary in order to keep the quality of our work high and still maintain the overall schedule objective.
Naturally, there were portions of the LRO project which received less care and concern from the LRO ACS team than other portions. In the end, the team interactions that received fewer and fewer face to face meetings clearly had the most issues. Some decisions were not clearly discussed and the final product did not always match each subsystem's expectations. Drawings can have missing or misleading information that have led to several costly reworks of hardware.
Operational adjustments were sometimes possible but that flexibility may not always be available. In a hectic project environment, it would be useful to track the number of face to face interactions between the different teams. While increasing the number of meetings seems counter productive, improving the quality of the discussion and reviews can be a fruitful endeavor.
Video Recordings -All projects use photographs to document their work. It is extremely valuable when trying to understand pre-launch and on-orbit anomalies. The ACS team used video extensively to capture a broader range of important hardware tests. One example was the incident with possible contamination of the star tracker light shade.
In the final weeks before launch, a contamination inspection of the star tracker light shade was completed and several questionable reflective particles were noted. Previously taken photographs did not show contamination after spacecraft level vibration or thermal vacuum testing. No prior notes about these reflective particles were found and a very rapid assessment was needed by the manufacturer. The manufacturing plant was located just outside Florence, Italy. A video of the interior of the light shade was produced and then emailed to SELEX Galileo. By the next morning, their engineers had agreed that the particles were acceptable but recommended that a very careful attempt at vacuuming the particles be performed. The vacuuming was carefully completed and the particles remained within the paint on the interior of the light shade. The entire team agreed the particles were not in danger of becoming dislodged and interfering with the normal operation of the tracker at a future date. A video record of this incident was invaluable.
Test as you Fly -This old adage will never become outdated. With LRO, it was a major reason for the success of the project. Throughout the I&T process, the hardware was exercised with the flight software. The ability to use the ground system to test the spacecraft was a very good investment. Using the I&T to practice the nominal and contingency operational procedures kept the ACS team in a state of readiness and improved proficiency.
The six degree of freedom simulator, Goddard Dynamic Simulator (GDS), provided the engineering team the opportunity to test the spacecraft in all various mission phases. The time critical Lunar Orbit Insertion Burn 1 was rehearsed many times. Anomalies were injected into these tests. In addition to the checkout of procedures, the proficiency training using the actual ground system improved the chances of mission success. Given all the possible anomalies and issues during the event, the GDS was an invaluable contributor.
A statement needs to be made about the complexity and utility of any spacecraft's dynamic simulator.
The simulator tends to require a separate and substantial amount of resources. The task of a dynamic simulator is to provide realistic response to closed loop testing. The amount of hardware in the loop is a major topic of debate during the requirement definition phase of the simulator build. A description of the possible failure scenarios should be refined in the early stages of spacecraft design. Another challenge to simulator development can be the actual performance of actuators, valves, and timing of the spacecraft components. These data may not be readily available for some time but the I&T schedule demands an answer in order to maintain the simulator schedule. Early planning is key to a useful dynamic simulator.
ACS Phasing Test at the End -At the end of I&T process, just before the spacecraft is placed in the launch vehicle fairing, a phasing test should be completed. This ACS Phasing Test verifies the spacecraft will rotate in the desired direction.
This verification will become extremely important when first separating from the launch vehicle. The result could be instead of driving the spacecraft to point its Solar Array toward the Sun, it could be pointing some other body axis towards the Sun.
LRO prepared contingency plans for this event. Each of the ACS team knew that correcting this problem would be very challenging during a very intense phase of the mission.
There was considerable resistance to performing this phasing test one last time. The spacecraft was nearly ready to be mated with the launch fairing. In the case of LRO, a number of small software changes had been made since the last ACS Phasing Test was completed (approximately 8 months earlier). Despite the risk to the spacecraft at that late point in the development flow, permission was granted to check this critical functionality. Once on-orbit, a deep sigh of relief was heard from the operations team when the spacecraft began to successfully turn the Solar Array side of LRO towards the sun line.
The extra effort placed in testing on the ground yielded ten times the return in confidence in the actual performance of LRO once on-orbit.
Concentrate on the SunSafe Mode -The Sun Safe mode is the simplest mode. By design its uses components with the least amount of parts and the least amount of software. However, a false confidence in this mode could be created. Therefore, items as simple as a Coarse Sun Sensor are to be considered vital to the health and success of the spacecraft. Testing of the component and successful end to end integrated tests are paramount. Analysis of the robustness of all control modes through Monte Carlo simulations is also critical. Understanding the duration the spacecraft can remain in this thermally and power positive state (SunSafe) will ensure that the mission can be recovered and meaningful science can be produced in the future.
Parts availability is key -A major challenge to the schedule of hardware development was obtaining the needed parts. This schedule challenge was an evolutionary process. When the parts buyer was given permission to purchase a set of parts, the promised delivery date was a best estimate. Once the parts order was placed, a delivery date was updated. As the promised delivery date approaches, it was very possible that the real delivery date may be slipped by many weeks. The mitigation plan was to have the electrical engineer designing the board use a substitute part. However, this may not be possible or desirable. A heritage design is a strength when the previous design can be built and operated in a similar environment.
Applying ample resources for procuring and tracking electronic parts is strongly recommended. An equally important practice is to schedule a parts status update at least once per week (or more frequently as needed).
Good record keeping can save you -There have been numerous occasions where excellent record keeping has provided the data needed to make an educated decision about the next step. Any activities involving flight hardware or ETU while in the FlatSat are captured in a Work Order Authorization (WOA). A WOA logs when, what, and who completed a task using flight hardware. Detailed procedures, attached to the WOA, chronicle the activities with the ETU hardware, Flight hardware, and even flight software.
Examples of the utility of this documentation span from prelaunch through today. Temperature limits for the yellow and red conditions could not have been set if that temperature detail were not recorded during the spacecraft thermal vacuum testing. Current and voltage limits were also established based on collected early testing telemetry. An issue with the timing of the thruster firings was investigated using previously executed detailed procedures. A recent issue with the MIMU gyro required data collected during the manufacturing of the unit.
CONCLUSIONS
The LRO ACS underwent lengthy and exhaustive testing prior to launch. The objective of these tests was to verify each requirement, understand the operational range, and monitor the health and safety of the entire subsystem. These I&T activities were a first opportunity to bring all the various components together. This consolidated approach allowed a team of engineers to understand how different components actually behaved under flight-like conditions. The pace of work was intense but the care given to detail meant the team needed to coordinate often and make careful decisions.
Testing opportunities became ever more important as the launch date approaches. The team felt comfortable moving forward with the mission due to the depth and breadth of testing.
The LRO ACS has been operating successfully around the Moon for well over a year. Each mode has been exercised and the performance has been within the requirements. LRO is now in its extended mission phase and science data continues to be collected.
The Lessons Learned from this entire effort show that a continuous campaign to monitor the spacecraft, test whenever possible (given the resources and time), and working closely with other subsystems are all part of a successful spacecraft development campaign.
